BACKGROUND: High midlife body mass index (BMI) has been linked to a greater risk of dementia in late life, but few have studied the effect of BMI across midlife on cognitive abilities and cognitive change in a dementia-free sample. METHODS: We investigated the association between BMI, measured twice across midlife (mean age 40 and 61 years, respectively), and cognitive change in four domains across two decades in the Swedish Adoption/Twin Study of Aging. RESULTS: Latent growth curve models fitted to data from 657 non-demented participants showed that persons who were overweight/obese in early midlife had significantly lower cognitive performance across domains in late life and significantly steeper decline in perceptual speed, adjusting for cardio-metabolic factors. Both underweight and overweight/obesity in late midlife were associated with lower cognitive abilities in late life. However, the association between underweight and low cognitive abilities did not remain significant when weight decline between early and late midlife was controlled for. CONCLUSION: There is a negative effect on cognitive abilities later in life related to being overweight/obese across midlife. Moreover, weight decline across midlife rather than low weight in late midlife per se was associated with low cognitive abilities. Weight patterns across midlife may be prodromal markers of late life cognitive health.
INTRODUCTION
Overweight/obesity is a health problem that has reached epidemic proportions. A growing body of evidence links high midlife body mass index (BMI) to an increased risk of dementia, the main threat against maintained cognitive function in late life. However, even persons who are not diagnosed with dementia experience cognitive decline, which is a source of irritation and worry among the elderly. Little is known about the association between BMI and cognitive ability among those without dementia. Given the high prevalence of overweight/obesity, even a small adverse effect of overweight/obesity on cognitive abilities might have a serious effect on public health.
Two prospective studies, The Whitehall II Study and the Framingham Offspring Study, have shown that overweight/ obesity in midlife (and to some extent underweight) is associated with lower scores on tests of memory, 1 executive abilities 1,2 and spatial abilities, 2 while overweight/obesity was not associated with lower cognitive test performance on measures of semantic memory in the Framingham Offspring Study. 2 In the longitudinal study Origins of Variance in the Old --Old (OCTO-twin), which includes a wider range of cognitive tests, higher BMI values in late midlife were associated with lower test performance on episodic memory, semantic memory, perceptual speed, spatial ability and verbal ability 30 years later, when participants were aged 80 years and above; however, BMI was not associated with steeper decline in any cognitive ability. 3 In the same sample as this study, we found that high BMI in early midlife was related both to lower general cognitive ability and to steeper decline, 4 but domainspecific trajectories have not been reported previously. Although previous studies rather consistently report a negative effect of being overweight/obese in midlife across cognitive domains there is a need for studies including wider assessments of cognitive functions, and especially studies with longitudinal assessments to be able to evaluate if overweight/obese persons not only have a lower cognitive performance but also a steeper decline.
In late life, the association between BMI and cognitive abilities is less consistent. Weight decline, 5 --7 weight increase, 5 low BMI 6 and high BMI 8 --10 have each been associated with lower cognitive abilities. Short follow-up times and inclusion of persons diagnosed with dementia might blur the association between weight and cognition, as weight loss in late life might be a prodromal marker of dementia. 5 --7 In addition, most research studying weight and cognition in late life has focused on current weight in relation to cognition. A life course perspective on overweight/obesity with several assessments might be important, as the negative effect of being overweight/obese is proposed to be delayed, 11 being overweight/obese over a longer period of time is associated with more severe negative health outcomes, 12 and both weight increase and decreases might be signs of pathological processes, which in turn might affect cognitive functioning.
Hence, to extend our knowledge about the association between weight and cognition we studied the effect of being underweight and overweight/obese at different time points, being underweight and overweight/obese over long periods of time and changes in BMI on the longitudinal change in four cognitive domains in a dementia-free sample.
MATERIALS AND METHODS

Design/participants
The study sample was drawn from the Swedish Adoption/Twin Study of Aging (SATSA), which in turn came from the Swedish Twin Registry. 13 The Swedish Twin Registry includes two cohorts of same-sex twin pairs born either 1896 --1925 or 1926 --1958 . These participants were mailed questionnaires in 1963 or 1973, constituting the baseline assessment. As detailed elsewhere, 14 questionnaires were sent to SATSA beginning in 1984 and in-person testing (IPT) started in 1986, including 645 twins 50 years of age and older. As then, these twins and all twins who turned 50 years of age since the last IPT have been assessed on a battery of cognitive tests every 3 years by trained research nurses and responded to questionnaires. For this analyses, cognitive assessments from five IPTs were available spanning 418 years. The first IPT in which the individual participated is called IPT entry , and the first questionnaire is called Q entry .
In total, 859 persons participated in at least one IPT. Among these, 813 individuals had an early midlife BMI score. Persons diagnosed with dementia during the course of the study (n ¼ 78) were excluded. Dementia was screened for during each IPT and diagnosed during a consensus conference. 15, 16 Cognitive testing. Four cognitive domains are represented in the SATSA cognitive battery: verbal, spatial/fluid, memory and perceptual speed. 17 Verbal abilities are indexed as follows: (1) the Swedish WAIS Information subtest of general knowledge; 18 (2) synonyms, where participants evaluate which of five words is a synonym to a target word 19 and (3) analogies where participants evaluate a word pair and complete a second word pair representing a similar relationship. 20 Spatial/fluid abilities are assessed as follows: (1) the Figure Logic test of inductive reasoning where participants identify which figure among five is not constructed according to a principle shared by four others, 19 (2) the Block Design test where participants copy a given pattern with a set of colored blocks 21 (3) and Card Rotations, where participants identify one picture that is identical to a target item but is rotated. 22 Memory tests include as follows: (1) the Thurstone Picture Memory test where participants identify which of 28 line drawings were previously shown to them using a forced recognition format, 23 (2) the Digit Span test where participants repeat a sequence of digits as originally presented (Digit Span forward), or in reversed order (Digit Span backward) 18 and (3) Names and Faces (immediate and delayed) where the participants recall the names of 16 persons whose pictures they viewed. 24 Perceptual speed is comprised of the following: (1) the Symbol Digit task where participants verbally respond with the appropriate digit that matches a printed symbol, 25 (2) and the Figure Identification task where the participants detect which item among five alternatives that is identical to a target item. 19 Principal components analysis was used to create component scores for each domain. 26 Covariates. Covariates included age, sex, education dichotomized as low (p9 years) or high (49 years), cohort dichotomized as older (born before 1926) or younger (born 1926 or later), alcohol based on self-report at baseline and IPT entry and dichotomized as abstainers (never reported drinking alcohol) and drinkers, smoking based on self-report at baseline and IPT entry and dichotomized as never-smokers and eversmokers and exercise based on the twins' self-reported estimated amount of exercise in midlife assessed at baseline and dichotomized as no 'exercise/light' and 'moderate/ heavy'. Self-reported data on cardiovascular diseases from Q entry were coded as the absence or presence of stroke, myocardial infarction, heart failure and angina pectoris. Prevalence of hypertension was defined as resting diastolic blood pressure 4140 and/or systolic blood pressure 490 at IPT entry , and/or self-reported use of antihypertensive medication at Q entry . Diabetes was based on self-reports of diabetes and/or diabetic agents at Q entry . Responses to later IPTs and Qs were used to create late-midlife cardio-metabolic variables. Physical health was based on answers to 51 health items, 27 reduced to a single scale, which reflects general physical disease status. 28 Statistical analysis. All analyses were performed in SAS 9.1. 29 Differences in baseline characteristics between underweight, normal weight, overweight, and obese persons and differences between persons with stable, declining and increasing BMI were assessed by one-way analyses of variance controlling for unequal variance using the Welch statement in PROC GLM or w 2 -tests when appropriate. To measure change in cognitive performance over time and to explore the potential effect of midlife BMI on cognitive performance over time we used latent growth curve modeling. A full maximum-likelihood estimate technique was used, 30 using PROC MIXED. Models were adjusted to account for the correlation within twin pairs. Growth curves were fit to establish linear and nonlinear age trajectories using mean-centered age (linear) and its square (nonlinear or quadratic). The centering age of 65 years was chosen for all cognitive domains except for verbal abilities, where we chose age 70 based on previous SATSA results. 31 Additional models were fit considering the BMI change status.
A stepwise procedure was adopted to evaluate longitudinal trajectories for each cognitive domain. All models included linear and quadratic age, sex, educational level, cohort, alcohol use, and smoking and interaction terms between BMI and both linear and quadratic age. In further analyses we also adjusted for cardio-metabolic factors. Interaction terms with sex were also tested for, but as no significant interactions were found we did not proceed further. To take into account preclinical cognitive function we also conducted analyses where verbal ability was included as a covariate in the models. As the cognitive component scores are scaled as t-scores (s.d. ¼ 10), eight-, five-and two-point differences would translate to large (0.8), medium (0.5) and small (0.2) effect sizes, respectively.
Although baseline models indicated non-zero variances of the growth trajectory features, after entry of predictors it was necessary to set the between-pair variance for the age 2 term to zero for spatial and memory abilities to achieve convergence. However, when the other models were run excluding the nonlinear age term as a random effect, the fixed effects were not altered in any substantial way.
RESULTS
Participant characteristics as a function of BMI categories are presented in Table 1 . Persons who were underweight at baseline were younger, female, belonged to the younger cohort and had a lower prevalence of hypertension and diabetes across the study period. Overweight and obese persons were older and had higher prevalence of hypertension and diabetes. The mean follow-up time from baseline to IPT entry was 21.4 years (range 12 --37 years).
Early midlife BMI and late life cognitive abilities Being overweight or obese was associated with lower cognitive test performance in all cognitive domains (Table 2, Figure 1 ). The effect size differences (d) in expected cognitive performance at age 65 (intercept) varied from À0.20 to À0.38 for overweight and obese versus normal weight, thus representing small effects. The interaction effects between BMI and age indicate that persons who were obese in early midlife had a steeper cognitive decline in perceptual speed. The effect size difference (d) in linear rate of change at age 65 between normal versus obese was medium at À0.53 when considering 20 years of follow-up. A similar but nonsignificant pattern was observed for verbal and spatial abilities, with near moderate effect sizes observed (d ¼ À0.37 and À0.41) for verbal and spatial abilities, respectively). No interaction between BMI and quadratic age was seen on the slope; therefore, those results are not shown in the table.
Late midlife BMI, BMI across midlife and late life cognitive abilities Participant characteristics as a function of BMI categories in late midlife are presented in Table 3 . High BMI in late midlife---that is, overweight and/or obese---was associated with lower mean level test performance in all cognitive domains ( Persons who were underweight in late life had lower mean level test performance on verbal abilities and memory in late life compared to persons who were normal weight. However, the association between underweight and lower cognitive test performance did not remain significant when change in BMI was controlled for ( Persons who were underweight at both time points (n ¼ 19) and those who were overweight and/or obese at both time points (n ¼ 159) were compared with the remainder of the sample, who were either normal weight at both times or normal weight at one point and underweight, overweight or obese at the other point (479). The consistently underweight group performed significantly worse on mean verbal abilities and memory, À5.8 (s.e. 1.9), P ¼ 0.003 and À6.6 (s.e. 2.1), P ¼ 0.002, respectively. The consistently overweight/obese group scored significantly worse across domains, with the estimates rather similar for all four cognitive domains (range À2.2 to À1.7). No effect on cognitive decline was found.
Controlling for potential causal mechanisms Adding cardio-metabolic factors from either a midlife or a life-time perspective did not substantially change any association reported above (data not shown). Neither did the addition of a measure of general physical health. Adding verbal abilities did not significantly change the association between BMI and cognitive abilities, although the mean level estimates became slightly weaker for spatial abilities À0.29 (s.e. 0.10), P ¼ 0.006 and memory À0.9 (s.e. 0.11), P ¼ 0.007.
DISCUSSION
Overweight/obesity and mean level cognitive performance
In this study, we show that being overweight/obese had a negative effect on mean cognitive test performance across domains for those who were obese/overweight in early midlife, late midlife or across midlife. Consistent with our prior findings from OCTO-twin, 3 we show a negative effect of being overweight or obese in midlife on the mean level performance across cognitive domains (verbal and spatial abilities, memory and perceptual speed). Similarly, a negative effect of midlife overweight/obesity on tests of memory and executive abilities has been reported from the Whitehall II Study, 1 and on spatial abilities in the Framingham Offspring Study. 2 Furthermore, consistent with the Whitehall II Study 1 we also found that persons who were overweight/obese across midlife had a higher risk of lower cognitive test performance in late life, suggesting a potential cumulative effect. This negative effect of high midlife BMI on the mean level cognitive performance is important as persons with lower cognitive abilities are at a higher risk of cognitive impairments when an additional cognitive decline occurs.
Overweight/obesity and change in cognitive functioning To our knowledge, we are the first to report a negative effect of high BMI across midlife on change in cognitive functioning. In particular, early midlife overweight/obesity was associated with a steeper decline in perceptual speed and a similar although nonsignificant pattern of decline in verbal and spatial abilities. Given that, overweight/obese persons already have a lower initial level of cognitive function, an additional effect on the slope is detrimental. There was no significant effect of midlife BMI on memory trajectories. This lack of association between higher midlife BMI and late life memory abilities is puzzling. However, there are studies of cardiovascular risk factors and memory that also report a lack of association. 32 --34 In late midlife, there were no negative effects of being overweight/obese on the trajectories of cognitive change, except for verbal abilities (which will be discussed later), consistent with our prior findings from OCTO-Twin. 3 There are several possible explanations as follows; (1) late midlife overweight/obesity might have less impact on cognitive decline than early midlife overweight/obesity, (2) the association between overweight/obesity and cognition might be blurred by preclinical states causing changes in both cognition and weight, (3) the negative effect of being overweight/obese might be delayed or (4) cumulative (data as shown).
A negative effect of overweight/obesity on verbal abilities measured at a single time point has also been reported from the Lothian Birth Cohort. 10 The effect of overweight/obesity seen on decline in verbal abilities is interesting, as verbal abilities represent the cognitive domain that is considered to be most resistant to aging. 35 As there is less change in verbal abilities due to aging, it might be easier to pinpoint factors such as adiposity causing change in this domain.
The association between higher BMI and lower cognitive functioning an artifact of early life cognitive ability It has been hypothesized that the association between a higher BMI and lower cognitive test performance in old age might be an artifact of confounding by early life cognitive ability. 10 As cognitive abilities were not assessed in early midlife, we used the best available proxies for early midlife cognitive functioning: educational level and verbal abilities at IPT entry . The rationale is that verbal abilities remain rather stable over the adult life span and are considered to be least affected by aging. Furthermore, the decline in verbal abilities is considered to start later than the decline in other cognitive domains, around the age of 70 years, 31 that is, 9 years after our first assessment of verbal abilities. Although including verbal abilities from IPT entry , in this study, as in the OCTO-twin analyses, 3 did to some extent attenuate the association between being overweight/obese in midlife and poorer mean level cognitive performance at the age of 65, the association remained significant. It is likely that the point estimates declined because of shared variance between cognitive abilities. Given these findings and the fact that there is also an effect of early midlife overweight/obesity on the slope, we think it is likely that the BMI effect reflects exposure and is not an artifact, although we believe that the association probably is bidirectional.
Causal pathways
The association between high midlife BMI and later cognitive abilities was not attenuated in this study by considering cardiometabolic factors, including diabetes and exercise, in midlife or in both midlife and late life, or in OCTO-twin 3 or in the Whitehall II study. 1 There are several potential methodological limitations such as undiagnosed type II diabetes and hypertension (although this should be less common among the SATSA participants as they receive feedback on their health after the IPT visit), the effects of the preclinical phase and treatment and treatment adherence (not captured by SATSA). There may be other causal pathways that we did not assess. For example, the adipose tissue is the body's largest endocrine organ and secretes hormones, cytokines and growth factors that can cross the blood --brain barrier 36 and affect brain health. Likewise, these factors may interact directly with blood vessels 37, 38 and contribute to disrupting homeostasis. Leptin and adiponectin have been suggested as possible pathways between overweight and brain health. 39 Another proposed causal pathway is through inflammatory processes. Overweight persons have higher levels of inflammation than normal-weight persons. 40 In longitudinal studies, serum C-reactive protein and pro-inflammatory cytokines such as IL-6 have been associated with cognitive decline. 41, 42 Decline in BMI and cognitive functioning It has been proposed that low BMI in late life is a risk factor for various health outcomes, including cognitive decline 5, 7 and dementia. 43, 44 However, we found that low BMI in late midlife was not a risk factor for low cognitive abilities when change in BMI was controlled for. Weight decline might be a sign of various diseases. In particular, declining weight is associated with the preclinical phase and the progression of dementia. 5 --7,45 This explanation is less likely in SATSA, considering the extensive work-up and strict exclusion criteria for persons diagnosed with dementia in this analyses. Other plausible pathways are through diseases associated with both weight loss and lower cognitive abilities. Indeed, persons with declining BMI had lower general physical health and were older, however, controlling for general physical health and age did not substantially change the association between declining BMI and cognitive test performance. It is worth mentioning that the persons who lost 5% points or more of their BMI from early to late midlife had the highest BMI in early midlife (still not very high). It might seem a little bit contradictory given that high weight often is associated with a higher risk of weight gain. 46 As mentioned, the decline in BMI and cognition might stem from some consequences of being overweight/obese in early midlife. It should also be remembered that this group of persons who had a declining BMI was rather small (6.5% of the sample). Finally, it should be highlighted that we don't know if their weight loss was intentional or not. Future studies need to address these questions.
Underweight and cognitive functioning There were a small number of people (2.9% of the sample) who were underweight at both times of measurement. These persons had a higher risk of low cognitive test performance, especially on tests measuring verbal abilities and memory, even when general physical health was controlled for. Similar associations between BMI and executive abilities have been reported previously 1 as well as between underweight and dementia, 47, 48 suggesting a need to explore potential pathways in further studies with sufficient numbers of persons being underweight.
It should be noticed that we used a higher cutoff point (20 kg m À2 ) for underweight as there were few persons with a BMI below 18.5 kg m À2 . As weight increases over the life span, underweight is an uncommon phenomena in old age with its strict definitions. 44, 49 Furthermore, the optimal cutoff scores for BMI for the elderly are under discussion, and it is suggested that the cutoffs should be moved upward. 50, 51 Given this, and to be able to evaluate a potential U-shaped association, as reported in other studies, 1, 6 and to increase the statistical power it seemed reasonable to use a higher cutoff point. Using the less restrictive cutoff point of underweight and still finding a moderate negative effect on cognitive abilities in late life contributes to the discussion about optimal cutoff points.
Strengths and limitations
The strengths of our study include its population-based design and the long follow-up period with repeated measures of cognitive function using a battery of cognitive tests. Nevertheless, there are limitations that need to be discussed. Although BMI is correlated with fat mass, 52, 53 it does not assess body fat distribution. The number of participants in this study who were overweight or obese in early midlife was relatively low, which might be due to the fact that height and weight were self-reported. However, a previous study of SATSA has shown high accuracy of self-reported height and weight. 54 Moreover, the proportions of overweight and obese persons from this study were also representative of the estimated proportions in the Swedish population in 1960 and 1970.
Conclusion
In summary, there is a negative effect of being overweight/obese across midlife on cognitive abilities, especially on the mean level performance. Furthermore, weight loss between early and late midlife is associated with lower cognitive performance in late life. These findings indicate that BMI patterns across midlife may be important risk markers of late life cognitive health. This study also shows the importance of considering change in BMI when the association between BMI and cognitive health is studied.
